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Electrical conductivity, Hall effect and magnetoresistance of In203:Sn thin films deposited on a glass substrates 
at different temperatures and oxygen pressures, as well as the films treated in a hydrogen plasma, have been 
investigated in the temperature range 1.5-300 K. The observed temperature dependences of resistivity were 
typical for metallic transport of electrons except temperature dependence of resistivity of the 1^03 :Sn film 
deposited in the oxygen deficient atmosphere. The electron concentration and mobility for the film deposited 
at 230° C was larger than that for the film deposited nominally at room temperature. Short (5 minutes) 
treatment of the films in hydrogen plasma leads to the enhancement of electrical conductivity while longer (30 
minute) treatment has the opposite effect. The electrical measurements were accompanied by AFM and SEM 
studies of structural properties, as well as by XPS analysis. Basic on structural and electrical measurements 
we conclude the reduction process initiated by the hydrogen plasma provides essential modification of the 
ITO films surface. At the same time, electrical properties of the remaining (located beneath the surface layer) 
parts of the ITO films remain mostly unchangeable. XPS analysis shows that grown in situ oxygen deficient 
ITO films have enhanced DOS between the Fermi level and the valence band edge. The extra localized states 
behave as acceptors leading to a compensation of n-type ITO. That can explain lower n-type conductivity in 
this material crossing over to a Mott-type hopping. 



PACS numbers: 73.61.-r 

I. INTRODUCTION 

Tin-doped indium oxide (ITO) is well known as having 
the best combination of large optical transparency in the 
visible range and high electrical conductivity comparing 
to other transparent conducting oxides, such as Sn02:F, 
ZnO:Al.H Therefore this material is widely used as trans- 
parent electrode in displays,^ solar cellsp and as a heat 
filte^ due to its high reflectivity in infrared range caused 
by the presence of conducting electrons. Large electrical 
resistivity of transparent electrodes limits the efficiency 
of relevant electronic devices. Therefore, decreasing the 
resistivity of In 2 03:Sn films without noticeable drop of 
transparency remains an important practical task. Since 
the conducting properties of indium oxide films essen- 
tially depend on the preparation conditions 4 optimiza- 
tion of these conditions can pave a way to the resistivity 
reduction. A proper optimization requires understand- 
ing of the influence of different factors, like substrate 
temperature, atmosphere composition, etc. on electron 
transport in such films. 

Depending on the processing conditions thin ITO 
films (~80 nm) have different surface morphologies at 
nanoscale; they can be either amorphous or nanocrys- 
talline (or combination of both) in depthP^ In some 



cases the films consist of nanograins separated by insu- 
lating barriers. As a result, electrical properties of ITO 
layers processed, e.g., by wet chemical methods can sig- 
nificantly differ!^ Therefore, it is important to analyze 
the transport properties of the ITO layers prepared by 
physical methods, which are commonly used for the de- 
vice processing. The most popular method is magnetron 
sputtering of ITO layers from metallic InSn or sintered 
ITO targets. It is well known that structural properties 
of ITO layers can be essentially modified by hydrogen 
plasma treatments. The plasma treatment results in for- 
mation of nanostructured films due to chemical reduction 
of indium and tin oxides to their corresponding metallic 
elementsJ^E^ Since the reduction process under special 
conditions can lead to formation of nanostructured filrrP^ 
one can expect the electrical properties, especially at low 
temperatures, will significantly differ from those of the 
stoichiometric ITO layers. 

Low-temperature electrical properties of both as de- 
posited and heat treated ITO layers were investigated 
in a number of works EMS In particular, Hall measure- 
ments^ of highly conductive ITO films prepared by DC 
magnetron sputtering on glass substrates in the temper- 
ature domain 6-300 K revealed metallic behavior. Sys- 
tematic measurements of resistivit}!^ between 1.8 and 
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300 K of the transparent films deposited using the stan- 
dard RF sputtering technique also show metallic, free- 
electron-like conductance. Amorphous and poly crys- 
talline ITO films prepared by electron-beam evaporation 
were studied in Ref. [T9l The amorphous films behaved 
as semiconductors, while polycrystalline samples behaved 
as metals. Their magnetoconductivities are positive at 
low temperatures and can be described by the theory of 
three-dimensional weak localization. Porous thin films 
with In203iSn-nanoparticles prepared by a wet chem- 
ical technique were characterized by measurements of 
their temperature-dependent electrical resistivity. The 
results were interpreted as fluctuation-induced tunneling 
between micrometer-size clusters of internally connected 
ITO particlesP 

Electrical resistance and thermopower of a set of RF 
sputtered and annealed ITO films were measured from 
300 K down to liquid-helium temperatures in Ref. [21] 
According to these measurements, between 150 and 300 
K the film resistance can be interpreted along the clas- 
sical theory of metallic conductance. At lower tempera- 
tures, quantum contributions to the conductivity become 
important. They can be interpreted as manifestation of 
weak-localization effects and electron-electron interaction 
in two-dimensional sy st ems Thus, electrical properties 
of ITO layers can be affected by the level of disorder or 
the presence of nanograins. 

The present work is aimed to clarify the influence of hy- 
drogen plasma and oxygen deficiency on the low temper- 
ature conducting properties of In 2 03:Sn films deposited 
by magnetron sputtering on glass substrates. We are not 
aware of previous similar studies. We report here the 
results of the investigation of electrical resistivity, Hall 
effect and magnetoresistance in the temperature range 
from 1.3 to 293 K for tin doped indium oxide films de- 
posited and treated at different conditions. 



II. EXPERIMENTAL 

Thin (70-80 nm) ITO layers were deposited on Corning 
glass by DC magnetron sputtering at 230° C (ITO-230) 
and at nominally room temperature (ITO-RT). In the 
latter case, some unintentional heating up to ~60°C oc- 
curred during the deposition process. An ITO sintered 
target with In 2 03 and Sn0 2 in a weight proportion of 
9:1 was used. The base pressure in the sputter system 
was about 10 -5 Torr. The total pressure of sputtering 
gas mixture was adjusted at 3 • 10 -3 Torr during the 
film preparation. The Ar flow rate and the DC plasma 
power were kept constant of 38 standard cubic centime- 
ters per minute (seem) and 100 W respectively at all de- 
position temperatures. Oxygen deficient ITO layers were 
processes by two methods: (i) sputtering of an In/Sn tar- 
get in a reduced oxygen ambient, (ii) hydrogen plasma 
treatment, which provides reduction conditions for any 
oxide. 

To produce an oxygen deficient ITO layer we used a 



metallic In/Sn target for a single magnetron powered in 
DC mode in combination with the Plasma Emission Mon- 
itor (PEM) controlP The value of the PEM set point 
was reduced twice compared to that for the processing 
of the ITO layers with highest transmittance and low- 
est resistivity. Optical properties of this oxygen defi- 
cient ITO layer have been reported in Ref. 7 where such 
films were investigated to study the effect of oxygen de- 
ficiency on the electron transport. To investigate the in- 
fluence of atomic hydrogen on the properties of the ITO- 
230 layers we performed hydrogenation of the samples 
in a PECVD setup using a 13.56 MHz plasma genera- 
tor. The RF plasma density during the hydrogenation 
process was 0.04 W/cm 2 , while the ignition of plasma 
was done at higher densities (above 0.1 W/cm 2 ). At the 
stage of the plasma ignition the samples were removed 
from the plasma area and then reintroduced after stabi- 
lization of the discharge at the density of 0.04 W/cm 2 
with a hydrogen gas flux of 200 seem. 

The surface morphology of the ITO layers was ana- 
lyzed by AFM using a Digital Instruments Nanoscope 
Dim 3100 microscope 23 equipped with spreading resis- 
tance measurement electronics. The following four char- 
acteristic parameters for the analysis of the AFM mea- 
surements were used: (i) the Root Mean Square (RMS) 
Roughness (R q ), which gives the standard deviation 
within a given area; (ii) the Mean Roughness (R a ), which 
represents the arithmetic average of the deviations from 
the center plane; (iii) the difference in height between 
the highest and lowest points on the surface relative 
to the mean plane (/i m ax); (iv) the averaged differences 
of heights (ft a v)- The AFM measurements were per- 
formed in the tapping mode using commercial silicon tips 
MikroMasch NSC35/A1BS with typical tip curvature ra- 
dius < 10 nm. In some cases the surface morphology 
of ITO layers was also examined by scanning electron 
microscopy (SEM). Thickness measurements of as-grown 
and H + plasma treated ITO layers were carried out using 
a one- wavelength (A = 633 nm) ellipsometry set up. 

Analysis of X-ray photoelectron spectra (XPS) was 
performed on a KRATOS AXIS ULTRA DLD X-ray pho- 
toelectron spectrometer using monochromatic Al Ka ra- 
diation (hv = 1486.6 eV) at 15 kV and 10 mA. The 
pass energies for the survey and high resolution scan 
were 160 and 20 eV, respectively. Since the ITO films 
were deposited on insulating (glass) substrates the sam- 
ples were mounted in a way ensuring an electrical contact 
with the sample holder and, therefore, with the spec- 
trometer. Such a construction allows avoiding additional 
charge neutralization. The pressure of (3 — 6) x 10 -9 Torr 
in the chamber was maintained during the analysis. Prior 
to the analysis the samples were slightly etched with Ar + 
(0.5 keV, 20 s) in order to remove C contamination and 
adsorbed O species. 

Resistivity and Hall effect of the films have been 
measured by the conventional four probe method. For 
this purpose rectangle samples with typical dimen- 
sions 8x2 cm 2 were cut from substrates with deposited 
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Iri203:Sn films. Electrical contacts were made from In- 
Sn alloy. For the measurements samples were mounted 
in the cryostat where the temperature was varied from 
1.5 to 293 K. The Hall effect and magnetoresistance were 
measured in magnetic fields up to 0.7 T using an electro- 
magnet, or in the field up to 6 T using a superconducting 
solenoid. 



III. RESULTS AND DISCUSSION 

A. Morphology of the ITO/glass layers 

AFM measurements of ITO-RT/glass structure show 
that the ITO layer is nanostructured having the following 
characteristics (nm): 

R q = 0.7, i4 = 0.45, R max = 8.3, h w = 3.4. 

At the same time, the ITO-230/glass structures consist of 
grains, which are completely flat on the nanoscale. More 
detailed AFM analysis of these samples were presented 
in Ref . H 

According to previous TEM studies, 5 the ITO films de- 
posited at room temperature on Si substrates are amor- 
phous having some crystalline inclusions. The films de- 
posited at 230° C from mixed oxide target consist of 
clearly seen crystalline grains with the size of 15-20 nm. 

Shown Fig. [I] are 2D images for ITO-RT/glass struc- 
ture after hydrogen plasma treatment at 230° C for 5 min. 
The AFM characteristics are given in the figure captions. 
As one can see, the plasma-treatment-induced chemical 
reduction leads to formation of a nanostructure. Longer 
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FIG. 1. AFM 2D image of ITO-230/glass structure after hy- 
drogen plasma treatment at 230° C for 5 min (R q = 6.5 nm, 
R a — 5 nm, /i max — 49 nm, h av — 44 nm). 

(30 min) plasma treatment leads to formation of metallic 
grains with the size of few microns (Fig. [2| in agreement 
with Refs. [TTHI61 One can conclude that the reduction 
process initiated by the hydrogen plasma provides essen- 
tial modification of the surface of the ITO films. Ac- 
cording to the results of the electrical measurements pre- 
sented below, the modification of the surface layer does 




FIG. 2. SEM image of ITO-230/glass structure exposed to 
hydrogen plasma at 230° C for 30 min 



not significantly change the electrical properties of the 
part of the film located beneath the surface layer. 



B. Hall effect: Electron concentration and mobility 

Shown in Fig. [3] are typical magnetic field dependences 
at 4.2 K of the Hall magnetoresistance of films deposited 
from the baked In 2 03:Sn02 target. These dependences 
are nearly linear in magnetic field up to 6 T. They are 
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FIG. 3. Hall resistivity, pn, versus magnetic field, B for 
the films 1-4 deposited from baked oxide target. T = 4.2 K. 
Numbers correspond to the Table 1. 

used to calculate electron concentrations n, mobilities 
Fermi energies £p, and electron mean free path I using 
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conventional expressions valid for Fermi statistics: 



n ■ 
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Here p and pn are the resistivity and the Hall resistiv- 
ity, respectively; B is the magnetic field, d is the film 
thickness, e is the elementary charge, m* is the electron 
effective mass. Calculated values are listed in Table H 
The films deposited from a metal target under the oxy- 
gen deficiency conditions show nonlinear magnetic field 
dependences of the Hall resistivity at 4.2 K. 
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80 


RT 
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0.77 


2.0 


2 


80 


230 





4.9 


45 


0.64 


7.2 


3 


75 


230 


5 


11.7 


29.9 


1.15 


6.0 


4 


60 


230 


30 


6.7 


50.1 


0.79 


6.7 



TABLE I. Electron concentration n, mobility u , Fermi en- 
ergy £p and mean free path / in In 2 Os:Sn films deposited by 
magnetron sputtering from baked In20s:Sn02 target. Td is 
the deposition temperature while t p is the duration of H + 
plasma treatment. 

For all films deposited from a metal target the esti- 
mated mean free path is significantly shorter than the 
film thickness, and the estimated Fermi energy is much 
greater than the thermal energy not only at 4.2 K, but 
even at room temperature (0.026 eV). Therefore usage of 
Eq. ([!]) valid for a three dimensional degenerate electron 
gas is justified. 



C. Temperature dependence of resistivity 

All the films deposited from the baked oxide 
In 2 03:Sn02 target show metal type temperature depen- 
dence of resistivity in the range 77-293 K, i.e., their resis- 
tivity increases with temperature. Typical temperature 
dependencies of the resistivity are shown in Fig. [4j Tem- 
perature variation of the resistivity of the films deposited 
from an oxide target does not exceed 10%. For the films 
deposited at RT, resistivity exhibits a minimum near 100 
K. The resistivity of the films deposited at 230° C satu- 
rates below 100 K. At all temperatures, the resistivity 
of the films deposited at 230° C is smaller than the re- 
sistivity of the films deposited at RT. According to the 
Table [T] this is mainly due to the higher electron mobility. 
This is consistent with previously reported datsP^ as well 
with the fact that the films deposited at 230° C are more 
crystalline™ 

Treatment of the films in hydrogen plasma during 5 
min lowers the resistivity of the films and increases elec- 
tron concentration. The increase of electron concentra- 
tion can be explained by the diffusion of protons inside 
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FIG. 4. Temperature dependence of resistivity of the films 
1-4 deposited from a baked oxide target. Film numbers cor- 
respond to the Table [I] 



the films. The protons can act as donors supplying ad- 
ditional electrons.^ Longer (30 min) treatment of the 
In2 03iSn films in hydrogen plasma reduces the electron 
concentration to the value close to the concentration in 
untreated films. The origin of this effect is unclear. 

The resistivity of films deposited from a metal tar- 
get in an atmosphere with reduced oxygen content in- 
creases while lowering the temperature (Fig. |5j. The 
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FIG. 5. Temperature dependence of resistivity of the film de- 
posited from metal target in the oxygen deficient atmosphere. 
Inset: Logarithm of the resistivity versus T _1//3 . Symbols are 
experimental points. Line is the best fit of the experimental 
points using Eq. |2]) in the temperature domain 4.2-125 K. 

low-temperature part of this dependence is consistent 
with the variable range hopping mechanism. 28 However, 
it is difficult to decide whether the hopping is two (2D) 
or three dimensional (3D). Below 80 K the experimen- 
tal temperature dependence of the resistivity reasonably 
agrees with Mott's law for 2D systems: 
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The best fit of the experimental dependence to Eq. ([2| 
yields To = 87 K. This quantity can be used to estimate 
the lower limit for the localization length, ri oc , using the 
expression!^ 



Hoc = \f^&/k B Tog\ oc (s F ) , 



(3) 



where ^i c(^f) is the (2D) density of localized states at 
the Fermi energy. As an upper limit for this quantity we 
take the 2D density of extended states, 



9(£f) = m* /irk 2 



(4) 



where m* = 0.35mo is the electron effective mass in 
In203, while mo is the free electron mass. 24 Substitu- 
tion of Eq. Q in Eq. ([3| gives r\ oc = 35 nm. This is 
smaller, but comparable with the film thickness 80 nm. 
Below 20 K the temperature dependence of the conduc- 
tivity can also be fitted by an expression derived for VRH 
in the presence of Coulomb gap near the Fermi energyP^ 



Po exp 



(Ti/T) 



1/2 



^bTi = e 2 /4ireoe d ri oc . (5) 



In this expression £q is the vacuum dielectric constant 
while Ed = 8.9 is the relative dielectric constant of indium 
oxide Best fit of the experimental temperature depen- 
dence of the resistivity by Eq. ([5| is provided by Ti = 20 
K. This corresponds to the estimate r\ oc = 95 nm, which 
is more consistent with a 2D character of hopping conduc- 
tion. Both estimates of the localization length are essen- 
tially larger than the effective Bohr radius, a* = 1.3 nm 
in I^Os.^This points to the fact that localized states 
responsible for hopping conductivity are formed by donor 
clusters or areas with enhanced donor density. 



D. Magnetoresistance 

The variation of the resistivity caused by magnetic field 
for the films deposited at 230° C and treated in hydrogen 
plasma (films 3 and 4) is less than 0.01%, i.e., on the 
order of the noise level. 

The magnetoresistance of the films 1 and 2 deposited at 
25° C and 230° C is negative at low temperatures. Shown 
in Fig. [6] is the variation of the conductivity at 4.2 K 
as a function of magnetic field for the films 1 and 2. 
At B > 0.1 T, magnetoconductivity is roughly propor- 
tional to ln£?, the proportionality factor being close to 
1 if the conductivity is calculated per square unit of the 
film and expressed in the units of Go = 1.233 x 10 -5 
f2 -1 . The negative magnetoresistance can be understood 
in the framework of the theory of weak localization. An 
approximate expression for the magnetoconductivity of 
a quasi- 2D electron gas reads asP^ 



Aa s /G = HAeDr^B/H) - 1.96. 



(6) 



Here D is the electron diffusion constant, and is the 
phase relaxation time of the electron wave function. The 
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FIG. 6. Magnetoconductivity of the films 1 and 2 deposited 
from baked oxide target. T = 4.2 K. Film numbers cor- 
respond to the Table]]] Aa s = [p _1 (5) -p _1 (0)] d, G = 
1.235 x 10" 5 Q" 1 . 



effective dimensionality of the weak localization problem 
is determined by comparison of the film thickness, with 
the diffusion length of an electron during the phase re- 
laxation time, L(p = ^JDt^. Fitting of the experimental 
magnetoresistance with Eq. (|6| yields = 230 nm for 
the film deposited at 25° C and 360 nm for the film de- 
posited at 230° C. Both values of is essentially larger 
than the film thickness. Thus the interpretation of the 
magnetoresistance as quasi-2D is self-consistent. 

The magnetoresistance of the film deposited from a 
metal target in the oxygen deficient atmosphere is shown 
in Fig. [7J The magnetoresistance is negative, and its 
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FIG. 7. Magnetoresistance of the film deposited from metal 
target in oxygen deficient atmosphere measured at 4.2 K, 14 
K and 40.5 K as indicated. 
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magnitude decreases when the temperature increases. A 
similar behavior was earlier observed in amorphous in- 
dium oxideP^Our Ir^OsiSn film deposited from a metal 
target in the oxygen deficient atmosphere seems to be 
similar to the amorphous films studied previously.^ The 
negative magnetoresistance (NM) in this film persists up 
to B=6 T. In such magnetic field the quantum magnetic 
length, Ib = yh/eB, is equal to 10 nm. This value is 
essentially smaller than the estimated localization length 
obtained from the temperature dependence of the resis- 
tivity. The origin of the observed NM remains unclear. 
Most probable explanation would be either a reduction 
of the gap near the Fermi energy or an increase of den- 
sity of states near the Fermi energy at the higher energy 
induced by magnetic field. 



E. XPS analysis 

Figure [8] shows the valence band spectra for the ITO- 
RT, ITO-230 and oxygen-deficient ITO/glass structures. 
One can see that the oxygen deficient film has larger den- 
sity of states (DOS) between the Fermi level (Ep, which 
is set at the origin for the energy axis) and the valence 
band edge (VB). These localized states serve as a sink for 
the electrons explaining lower n-type conductivity in the 
oxygen deficient material. In other words, such localized 
states near the VB can be considered as acceptor states, 
which cause compensation of the originally n-type ITO. 
It is worth noting that formation of such acceptor levels 
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FIG. 9. High resolution In 3d XPS spectra of ITO fims de- 
posited at different conditions 



to this figure, the asymmetry of the In 3d spectra is 
increased along the line ITO-Odef<ITO-RT<ITO-230. 
The higher peak asymmetry corresponds to a more con- 
ductive film! 31 * 32 J A similar, even more pronounced trend 
can be seen from the high resolution Sn 3d spectra of 



ITO films deposited at different conditions, see Fig. 10 
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FIG. 8. Valence band XPS spectra of ITO films deposited at 
different conditions. Enhanced DOS close to the Fermi level 
is clearly seen from the inset where this region is zoomed in. 

indicates that undoped oxygen deficient indium oxide can 
be a p-type material. Detailed studies of such materials 
fall out of the scope of the present work. We will present 
relevant results elsewhere. 

Shown in Fig. [9] are high resolution In 3d spectra for 
ITO films deposited as different conditions. According 
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FIG. 10. High resolution Sn 3d XPS spectra of ITO fims 
deposited at different conditions 



XPS-based results for the composition of the ITO films 
deposited on glass substrates at different conditions are 
given in Table [TTJ the quantification being based on the 
peak areas. 
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ITO film 


In 3d, at.% 


Is, at.% 


Sn 3d, at.% 


o 

In+Sn 


deficient 


47.93 


48.03 


4.04 


0.92 


RT 


47.41 


48.94 


3.65 


0.96 


230°C 


47.66 


48.83 


3.50 


0.95 



TABLE II. Composition of ITO films deposited at different 
conditions. Quantification is based on areas of the high reso- 
lution In 3d, O Is and Sn 3d spectra. The last column to the 
right illustrates the 0/ (In+Sn) ratios 



IV. SUMMARY 

We have studied the effects of substrate temperature, 
treatment in a hydrogen plasma and oxygen deficiency on 
the conducting properties of 1^03 :Sn films. The increase 
of substrate temperature from RT to 230° C leads to es- 
sential increase of the electron mobility and film conduc- 
tivity in agreement with earlier reported results. Short (5 
min) treatment in a hydrogen plasma increases electron 
concentration, as well as the film conductivity. Longer 
(30 min) treatment in hydrogen plasma reduces the elec- 
tron concentration. 

It is established that the reduction process initiated 
by the hydrogen plasma provides essential modification 
of the ITO films surface. At the same time, electrical 
properties of the remaining (located beneath the surface 
layer) parts of the ITO films remain mostly unchange- 
able. 

Grown in situ oxygen deficient ITO films have en- 
hanced DOS between the Fermi level and the valence 
band edge. Formation of these localized states explains 
lower n-type conductivity in this material. The extra 
localized states can be considered as acceptors leading 
to a compensation of the n-type ITO. The oxygen defi- 
cient ITO films have reduced electron conductivity, which 
crosses over from the metallic mechanism to the hop- 
ping one. From this point of view such samples, which 
are n-type degenerate semiconductors, shows the behav- 
ior similar to that observed in several conventional Si- 
based highly doped semiconductor structures, such as 
Si:P, Si:Sb, Si:Se, and Si:SpHH] In particular, in these 
structures a low-temperature metal-to-insulator transi- 
tion (MIT) was observed. In the insulator phase of these 
samples, the activation energy can be essentially affected 
by partial disordering. 35 On the contrary, properly pre- 
pared ITO structures - both polycrystalline (ITO-230) 
and amorphous (ITO-RT) - do not show any trace of the 
MIT. Therefore one concludes that the structural disor- 
der weakly contributes to the electron scattering, which 
agrees with recent simulation^ for pure and tin-doped 
indium oxide. The metallic character of the conduc- 
tance indicates that in stoichiometric ITO structures the 
Fermi level is located in the conduction band at any tem- 
perature within the studied temperature domain. The 
transition to the insulating behavior occurs only in non- 



stoichiometric materials, such as those prepared under 

oxygen deficiency. 
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